per 



WORLD. INTELLECTUAL PROPERTY OROANIZATION 
Intematkmal Bimu 



I>rrERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCI) 



(51) btematioiial Patent Cla$sificatfon 5 : 
HQ1S3/Q94 



Al 



(11) Intemattonal PobScation Number: WO 93/23899 

(43) Intematioiial Publication Date: 25 November 1993 (2S.1L93) 



(2i) btenational Application Number: PCT/US93/04180 
02) International Filing Date: 3 May 1993 (03.05.93) 



^)Prioiilydata: 
07/877,846 



1 May 1992 (01.05.92) 



US 



(71) Applicant: AMOCO CORPORATION [US/US]; MmI 

Code 1907A, Patents and Licensing Department, 200 
East Randolph Drive, P.O. Box 87703, Chicaga, IL 
60680-0703 (US). 

(72) Inventor: TIDWELL, Steve, C. ; 20829 59tb Ave^ S.E., 

Woodinville. WA 98072 (US). 



(81) Designated States : JP, European patent (AT, BE, CH, DE, 
DK. ES, FR, GB, OR, IE, IT, LU, MC, NL, PT, SE). 



Published 

With international search rqport. 



(54)Tifle: UNIFORM END PUMPING FOR LASER AMPLIFIERS AND SOURCES 




(57) Abstract 



A method and apparatus for uniformly «nd-pumpmg a laser source or amplifier by reflecting pump radiation from the side 
surface of the lasing medium as it travels through the lasing medhim. 



FORWEPVEPOSES OF INFORMATION (»iLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AT 


Aiatria 


PR 


Franec 


MR 


MaurlUinia 


AU 


AustraTia 


GA 


Qobon 


MW 


Malawi 


BB 


Barbados 


GB 


Umlnl Klnsidoin 


Nt 


Netherlands 


BE 


Bcl^um 


GN 


Guinea 


NO 


Norway 


BP 


Burkina. Paso- 


GR 


Greece 


NZ 


New Zealand 


BG 


Bulgaria 


HU 


Hungary 


PL 


Poland 


BJ 


BeiUii 


. IE 


IrcIanU 


FT 


Portugal 


BR 


Bnnll 


rr 


Italy 


RO 


Romania 


CA 




Jp 


Japan 


RU 


Ruatan Fcderallon 


CF 


C^enirai Africaii Republic 


KP 


Democratic People*^ Republic 


SD 


Sudan 


CG 


(Vmgo 




or Korea 


SB 


Sweden 


CU 


, Swiiztrrtand 


KR 


Republic or Korea 


SK 


Slovak Republic 


CI 


G6lcd*lvtiiru 


KZ 


Kazakhstan 


SN 


Senegal 


CM 


Catncrucm 


LI 


Ucchtcnslein 


su 


Soviet Union 


CS 


OEGC&nslovakb 


LK 


Sn' Unka 


TO 


C.*had 


CZ 


Ocdt Republic 


lAJ 


lojxcmbourg 


TG 


Togo 


DE 


Germany 


MC 


Motuca 


UA 


Ukraine 


OK 


Denmark 


MC 


Madagascar 


US . 


United Scales of America 


BS 


Spatn 


Ml. 


Mall 


VN 


Viet Nam 


Pf 


Finland 


MH 


Mongpfia 







wo 93/23899 



PCr/US93/04180 



Uniform End Pumping for Laser Amplifiers and Sources 

Field of the Invention 

The invention relates to configurations for end pumping laser 
amplifiers and sources, and more particularly to methods and 
5 apparatus for uniformly end pumping laser amplifiers and sources. 

Background of the Invention 

The lasing medium that used in most solid state laser 
amplifiers and sources is generally rod-shaped, and is optically 
pumped by at least one pumping source that is generally adjacent 
10 to the outer circumferential surface of the lasing medium or at 
least one of the two opposed ends. The first method is called side- 
pumping and the second is called end-pumping. 

Side pumped systems are the most common because of the 
ease of coupling the pumping source to the lasing medium. 

15 However, side-pumping does not efficiently couple the energy from 
the pumping source to the lasing medium for at least two reasons. 
First, the lasing mediuni must comprise a relatively thin rod, on 
the order of three to four millimeters, to achieve a gain level that 
is needed for efficient beam extraction. With typical laser diode 

20 pumping sources, only about seventy percent of the incident pump 
power is absorbed through a lasing medium thickness of three 
millimeters. 

Also„ since the absorption of the pumping source energy is 
exponential, most of the energy is distributed near the outer 

25 surface of the lasing medium where it cannot be extracted by a 
TEMqo mode. The absorption efficiency and uniformity can change 
significantly with variations in the wavelength of the pump 
radiation. Various arrangements have been proposed for improving 
the performance of side-pumped lasers, but they all add complexity 

30 without achieving optimal efficiency and uniformity of the 
distributed pumping energy. 
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End pumped lasers offer much higher absorption of pump 
energy and lower sensitivity to variations in the wavelength of the 
pump radiation since the radiation is absorbed along the long axis 
of the rod. In prior art, the pump light is focused into the center of 

5 the rod to provide the best overlap between the laser mode and the 
pump radiation. Changes In the wavelength of the pump radiation 
can result in variations in the output power because the 
mode/pump overlap can be affected. When the average absorbed 
pump power is above approximately ten watts, thermal effects can 

1 0 dominate laser performance. For instance, NdrYLF can fracture and 
Nd:YAG exhibits strong thermal focus, aberrations and stress- 
induced birefringence. Thermal difficulties are encountered at 
lower powers in end-pumped lasers due to the high degree of 
nonunlfbrmity In the pump power distribution In the tasing medium. 

15 Summary of tha Invention 

According to the invention, the laser system is end-pumped in 
a way that the pump source photons are captured in the rod so they 
reflect back and forth down the lasing medium until absorbed. 
Reflection of the pump source photons is conveniently achieved by 

20 directing the pump radiation into the medium so that the side 
surface of the lasing medium reflects the pump photons by 
substantially total internal reflection or with the application of 
suitable lasing medium surface coatings.treatments, or the 
combination thereof. This method of pumping combines efficient 

25 absorption of pump energy with low sensitivity to variations in 
wavelength of pump radiation. The high absorption efficiency 
combined with high absorption uniformity allows high gains to be 
secured with a lasing medium that comprises a small diameter rod. 
the residual heat in the laser rod can be distributed over the rod 

30 length so that the thermal scaling behavior of the system is better f 
than conventional end^pumped lasers. The pump energy can be 
extracted efficiently In a high beam quality mode using a graded- * 
reflectivity mirror unstable resonator. The high gain also allows 
for efficient extraction in amplifier applications. 
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In the preferred embodiment, the invention comprises a 
method of end-pumping a laser system having a lasing medium with 
two generally opposed end surfaces and a generally circumferential 
side surface, comprising the steps of: transmitting pumping 
5 radiation toward at least one of said end surfaces of said lasing 
medium: and directing said transmitted pumping radiation to 
reflect from said side surface of said lasing medium as is passes 
through said lasing medium. 

In the preferred embodiment, the Invention comprises an 
1 0 apparatus for end-pumping a laser system having a lasing medium 
with two generally opposed end surfaces and a generally 
circumferential side surface, comprising: means for transmitting 
pumping radiation toward at least one of said end surfaces of said 
lasing medium; and means for directing said transmitted pumping 
15 radiation to reflect from said side surface of said lasing medium 
as is passes through said lasing medium. 

Description of the Drawln9S 

Figure 1 is a schematic diagram of a first embodiment of the 
invention. 

20 Figure 2 is a schematic diagram of a second embodiment of 

the invention. 

Description of the Invention 

Referring to the drawings, wherein reference characters 
designate Wke or corresponding parts throughout the views. Figure 

25 1 is a schematic diagram of a first embodiment of the invention. A 
laser system 2 includes a solid-state lasing medium 4. Although 
the laser system 2 is represented as a laser source in Figure 1. it 
may alternatively comprise a laser amplifier. The lasing medium 4 
has two generally opposed end surfaces 6 and a generally 

30 circumferential side surface 8. 

At least one means for transmitting pump radiation, typically 
at least one source of pump radiation 10, transmits pump energy 
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toward at least one of the ends 6 of the lasing medium 4. In Figure 
t, a single source of pump radiation 10, typically a laser diode 
source, is shown. The path of at least a portion of the pump 
radiation from the source of pump radiation 10 is controlled by at 

5 least one means for directing the pump radiation 12, directs the 
pump radiation into the lasing medium 4 through at least one of the 
ends 6. In Rgure 1, a single means for directing the pump radiation 
12, typically a lens system, Is shown. Alternatively, the means for 
directing the pump radiation 12 may comprise another suitable 

10 optical system, such a prism system. 

For the laser system 2 shown in Figure 1, a single means for 
directing the pump radiation 12 is sufficient for directing the 
pump radiation transmitted from the single source of pump 
radiation 10 into the lasing medium 4 through one of the ends 6. 
1 5 According to one aspect of the invention, the means for directing 
the pump radiation 12 directs the path of the transmitted pump 
radiation to intersect the side surface 8 of the lasing medium 4 
from within the lasing medium 4 at an angle of incidence that is 
less than or equal to a predetermined angle. 

20 This angle of incidence allows the side surface 8 to reflect 

the directed pump radiation that strikes it by substantially total 
internal reflection. Preferably, this angle of incidence is also 
small enough to allow multiple reflections of the directed pump 
radiation as it passes through the lasing medium 4. In this way, 

25 the reflected pumping radiation is relatively uniformly distributed 
within the lasing medium 4 from one of the ends 6 to the other end 
6. 

Alternatively* a reflective coating may be applied to the side 
surface 8 of the lasing medium 4 to support reflection of the 

30 directed pumping radiation through the lasing medium 4. In this 
case, the angle of incidence may be greater than would allow 
reflection by total internal reflection. This allows the directed 
pump radiation to be reflected by the coated side surface 8 a 
greater number of times than by total internal reflection as it 

35 passes through the lasing medium 4. 
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The reflective coating that is applied to the side surface 8 
may be specular or diffusive. A diffusive reflective coating will 
provide a greater number of path lengths of the pumping radiation 
that is reflected back and forth within the lasing medium 4, 
5 thereby providing even more uniformity of the pumping radiation 
distribution in the iasing medium 4. 

According to another aspect of the invention, the side surface 
8 of the lasing medium 4 may be treated, such as by etching or 
grinding, to provide a rough enough of a surface to reflect most of 
10 the directed pumping radiation that strikes the side surface 8 from 
within the lasing medium 4. Alternatively, the treated side 
surface 8 may then have a reflective coating applied to it. to 
reflect even more of the directed pumping radiation than with the 
surface treatment alone. 

15 The multiple reflections and long absorption path lengths of 

the pump radiation that is directed through the lasing medium 4 
makes it ideal for applications wherein the source of pumping 
radiation 10 is a laser diode source, since laser diode sources 
typically have wide variations in bandwidth and center wavelength. 

20 The laser system 2 shown in Figure 1 is* represented as a 

laser source, wherein a dichroic element 14, typically a mirror, is 
positioned between the means for directing 12 and one of the ends 
6 of the lasing medium 4, The dichroic element 14 is highly 
transmissive for the wavelengths of the pumping radiation and 

25 highly reflective for the lasing wavelengths. The laser system 2 
also has an output coupler 16 that has sufficient reflectivity at the 
lasing wavelength to sustain oscillation. The output coupler 16 
preferably comprises a graded-reflectivlty mirror. Of course, 
where the laser system 2 comprises a laser amplifier, the dichroic 

30 element 14 and the output coupler 16 are replaced by an Input 
wavelength division multiplexer (WDM) and output WDM. 
respectively. 

Figure 2 is a schematic diagram of a second embodiment of 
the invention. A laser system 18 includes the solid-state lasing 
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medium 4 described for the first embodiment in connection with 
Figure 1. Although the laser system 2 is represented as a laser 
source in Figure 2, it may alternatively comprise a laser amplifier. 
The lasing medium 4 has the two generally opposed end surfaces 6 
5 and the generally circumferential side surface 8. 

The taser system 18 also has a plurality of means for 
transmitting pump radiation, typically a plurality of the sources of 
pump radiation 10, to transmit pump energy toward at least one of 
the ends 6 of the lasing medium 4. In Rgure 1, four of the sources 

1 0 of pump radiation tO» typically laser diode sources, are shown. The 
path of at least a portion of the pump radiation from each source of 
pump radiation 10 is controlled by at least one of the means for 
directing the pump radiation 12, to direct the pump radiation Into 
the iasing medium 4 through at least one of the ends 6. In Figure 1» 

1 5 four of the means for directing the pump radiation 12, typically a 
lens system, are shown. Alternatively, the means for directing the 
pump radiation 12 may comprise another suitable optical system, 
such as a prism system. 

Each of the means for directing the pump radiation 12 directs 
20 pump radiation that is transmitted from a corresponding one of the 
sources of pump radiation 10. In Figure 2, the pump radiation from 
two of the sources of pump radiation 10 are directed into the 
lasing medium 4 through one of the ends 6 and the other sources of 
pump radiation 10 are directed into the lasing medium 4 through 
25 the other one of the ends 6. 

Just as for the laser system 2 described in connection with 
Figure 1, each of the means for directing the pump radiation 12 is 
sufficient for directing the pump radiation transmitted from a 
corresponding one of the sources of pump radiation 10 Into the 
30 lasing medium 4 through one of the ends 6. According to one aspect 
of the invention, each of the means for directing the pump radiation 
12 directs the path of thef transmitted pump radiation from the 
corresponding one of the sources of pump radiation 10 to intersect 
the side surface 8 of the lasing medium 4 from within the lasing 
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medium 4 at an angle of incidence that is less than or equal to a 
predetermined angle. 

This angle of incidence allows the side surface 8 to reflect 
the directed pump radiation that strikes it by substantially total 
5 internal reflection. Preferably, this angle of incidence is also 
small enough to allow multiple reflections of the directed pump 
radiation as it passes through the lasing medium 4. In this way, 
the reflected pumping radiation is relatively uniformly distributed 
within the lasing medium 4 from one of the ends 6 to the other end 
10 6. 

Alternatlvelyr a reflective coating may be applied to the side 
surface 8 of the lasing medium 4 to support reflection of the 
directed pumping radiation through the iasing medium 4. In this 
case, the angle of incidence may be greater than would allow 
15 reflection by total internal reflection. This allows the directed 
pump radiation to be reflected by the coated side surface 8 a 
greater number of times than by total internal reflection as it 
passes through the lasing medium 4. 

The reflective coating that is applied to the side surface 8 
20 may be specular or diffusive. A diffusive reflective coating will 
provide a greater number of path lengths of the pumping radiation 
that is reflected back and forth within the lasing medium 4, 
thereby providing even more uniformity of the pumping radiation 
distribution in the iasing medium 4. 

25 According to another aspect of the invention, the side surface 

8 of the lasing medium 4 may be treated, such as by etching or 
grinding, to provide a rough enough of a surface to reflect most of 
the directed pumping radiation that strikes the side surface 8 from 
within the lasing medium 4. Alternatively, the treated side 

30 surface 8 may then have a reflective coating applied to it, to 
reflect even more of the directed pumping radiation than with the 
surface treatment alone. 

The multiple reflections and long absorption path lengths of 
the pump radiation that is directed through the lasing medium 4 
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makes it ideal for appitcations wiierein the sources of pumping 
radiation 10 are iaser diode sources, since laser diode sources 
typically have wide variations in bandwidth and center wavelength. 

The laser system 18 shown in Figure 2 is represented as a 
5 laser source, wherein a highly reflectjve element 20, typically a 
mirror. Is positioned between two of the means for directing 12. 
The highly reflective element 20 is highly reflective for the laslng 
wavelengths. The laser system 18 also has the output coupler 16 
that has sufficient reffectivlty at the laslng wavelength to sustain 
10 oscillation. Again, the output coupler 16 preferably comprises a 
graded-reflectlvity mirror Of course, where the laser system 18 
comprises a laser amplifier, the highly reflective element 20 and 
the output coupler 16 are replaced by an input wavelength division 
multiplexer (WDM) and output WDM, respectively. 

15 ' Thus, there has been described herein methods and apparatus 
for uniformly end-pumping a laser source or amplifier by reflecting 
pump radiation from the side surface of the laslng medium as it 
travels through the lasfng medium. It will be understood that 
various changes in the details, materials, steps and arrangements 

20 of parts that have been described and illustrated above in order to 
explain the na^re of the invention may be made by those of 
ordinary skill in the art within the principle and scope of the 
present invention as expressed in the appended claims. 
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What is claimdd is: 

1. A method of end-pumping a laser system having a iasing 
medium with two generally opposed end surfaces and a generally 
circumferential side surface, comprising the steps of: 

5 transmitting pumping radiation toward at least one of said 

end surfaces of said iasing medium; and 

directing said transmitted pumping radiation to reflect from 
said side surface of said Iasing medium as is passes through said 
Iasing medium. 

10 2. The method set forth in claim 1, wherein said step of 

directing comprises directing said transmitted pumping radiation 
to reflect from said side surface of said Iasing medium by 
substantially total Internal reflection. 

3. The method set forth in claim 1, further comprising the 
15 step of applying a reflective coating to said side surface of said 

Iasing medium and wherein said step of directing comprises 
directing said transmitted pumping radiation to reflect from said 
reflective coating. 

4. The method set forth in claim 3, wherein said step of 
20 applying a reflective coating to said side surface of said Iasing 

medium comprises the application of a specular refiecth^e coating 
to said side surface of said iasing medium. 

5. The method set forth in claim 3, wherein said step of 
applying a reflective coating to said side surface of said Iasing 

25 medium comprises the application of a diffusive reflective coating 
to said side surface of said iasing medium. 

6. The method set forth in claim 1. further comprising the 
steps of: 

treating said side- surface of said Iasing medium to be 
30 diffusive; 



9 
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apprying a reflective coating to said treated side surface of 
said lasfng medium; and 

wherein said step of directing comprises directing said 
transmitted pumping radiation to diffusively reflect from said 
5 reflective coating. 

7. The method set forth in claim 6, wherein said step of 
treating comprises the step of etching said side surface. 

8. The method set forth in claim 6, wherein said step of 
treating comprises the step of grinding said side surface. 

10 g. The method set forth in claim t, wherein said step of 

transmitting said pumping radiation toward at least one of said end 
surfaces of said lasing medium comprises transmitting a single 
source of safd pumping radiation toward a single one of said end 
surfaces of said lasing medium. 

t5 10. The method set forth in claim 1, wherein said step of 

transmitting said pumping radiation toward at least one of said end 
surfaces of said lasing medium comprises transmitting a plurality 
of sources of said pumping radiation toward a single one of said 
end surfaces of said lasing medium. 

20 11. The method set forth in claim 1, wherein said step of 

transmitting said pumping radiation toward at least one of said end 
surfaces of said lasing medium comprises transmitting a plurality 
of sources of said pumping radiation toward both- of said' end 
surfaces of said lasing medium. 

25 12. The method set forth In claim 1, wherein said laser 
system comprises a laser source. 

1^. The method set forth in claim 1, wherein said laser 
system comprises a laser amplifier. 

14. Apparatus for end-pumping a laser system having a 
30 lasing medium with two generally opposed end surfaces and a 
generally circumferential side surface, comprising: 



in 
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means for transmitting pumping radiation toward at least one 
of said end surfaces of said lasing medium; and 

means for directing said transmitted pumping radiation to 
reflect from said side surface of said lasing medium as is passes 
5 through said lasing medium. 

15. The apparatus set forth in claim 14, wherein said 
means for directing directs said transmitted pumping radiation to 
reflect from said side surface of said lasing medium by 
substantially total internal reflection. 

10 16. The apparatus set forth in claim 14, further comprising 

a reflective coating applied to said side surface of said lasing 
medium and wherein said means for directing directs said 
transmitted pumping radiation to reflect from said reflective 
coating. 

15 17. The apparatus set forth In claim 16, wherein said 
reflective coating applied to said side surface of said lasing 
medium comprises a specular reflective coating applied to said 
side surface of said lasing medium. 

18. The apparatus set forth in claim 16, wherein said 
20 reflective coating applied to said side surface of said lasing 

medium comprises a diffusive reflective coating applied to said 
side surface of said lasing medium. 

19. The apparatus set forth in claim 14, further comprising: 

a diffusive area of said side surface of said lasing medium; 

25 a reflective coating to said diffusive of said side surface of 
said lasing medium; and 

wherein said means for directing directs said transmitted 
pumping radiation to diffusively reflect from said reflective 
coatli^g. 
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20. The apparatus set forth in claim wherein said 
diffusive area of said side surface of said iasing medium 
comprises an etched area of said side surface. 

2t. The apparatus set forth In claim 19, wherein said 
5 diffusive area of said side surface of said Iasing medium 
comprises a roughly ground area of said said side surface. 

22. The apparatus set forth in claim 14, wherein said 
means for transmitting said pumping radiation toward at least one 
of said end surfaces of said Iasing medium comprises a single 

10 source of said pumping radiation that transmits said pumping 
radiation toward a single one of said end surfaces of said Iasing 
medium. 

23. The apparatus set forth in claim 22. wherein said 
source of said pumping radiation comprises a laser diode source. 

15 24. The apparatus set forth In claim 14, wherein said 
means for transmitting said pumping radiation toward at least one 
of said end surfaces of said iasing medium comprises a plurality of 
sources of said pumping radiation that transmit said pumping 
radiation toward a single one of said end surfaces of said Iasing 

20 medium. 

25. The apparatus set forth in claim 24, wherein said 
plurality of sources of said pumping radiation comprises a 
plurality of laser diode sources. 

26. The apparatus set forth in claim 24, wherein said 
25 plurality of sources of said pumping radiation comprises four laser 

diode sources. 

27. The apparatus set forth in claim 14, wherein said 
means for transmitting said pumping radiation toward at least one 
of said end surfaces of said Iasing medium comprises a plurality of 

30 sources of said pumping radiation that transmit said pumping 
radiation toward both of said end surfaces of said Iasing medium. 
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28. The apparatus set forth in claim 27, wherein said 
plurality of sources of said pumping radiation comprises a 
plurality of laser diode sources. 

29. The apparatus set forth in claim 27, wherein said 
5 plurality of sources of said pumping radiation comprises four laser 

diode sources. 

30. The apparatus set forth in claim 14, wherein said 
means for directing comprises at least one lens system. 

31. The apparatus set forth in claim 14, wherein said 
1 0 means for directing comprises at least one prism system. 

32. The apparatus set forth in claim 14, wherein said laser 
system comprises a laser source. 

33. The apparatus set forth in claim 14, wherein said laser 
system comprises a laser amplifier. 

15 
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